Background: Prostatic diseases are common and mostly associated with enlargement of the accessory gland. Thus, determining the prostate size has become a main criterion for evaluating prostate health status. Computed tomography (CT) is recommended as a beneficial tool for evaluating prostate size, morphology and surrounding tissues. The purpose of this study was to establish an accurate procedure for volume estimation and afterwards evaluate the prostate volume in CT. Data of 95 dogs were analysed (58 male intact, 37 male neutered) using the slice addition technique with the Amira program. Accuracy of volumetric measurements by CT was validated by comparing them with those of phantoms of known volume. Patients were grouped according to age (< 4 yrs., 4-8 yrs., > 8 yrs) and prostate morphology in CT (H = homogeneous, I = inhomogeneous, C = cystic). The length of the sixth lumbar vertebra was measured to relate prostate volume to body size. This ratio was generated to compare prostate volume between the groups, irrespective of body size (ratio volume = Rv). Results: A high correlation between the CT-derived and phantom volume was found. Overall, the mean prostate volume was 58.6 cm 3 . The mean ratio volume was 1.3 in intact male dogs, this being significantly higher than in neutered dogs (0.7). The lowest ratio volume values were found in group H for intact (Rv = 0.9) and neutered dogs (Rv = 0.6), followed by group I (intact: Rv = 1.1; neutered: Rv = 0.7) and C (intact: Rv = 1.4; neutered: Rv = 0.8). The length of the sixth lumbar vertebra was well correlated with the prostate volume (intact: r = 0.63, p < 0.001; neutered: r = 0.48, p = 0.003), while age exhibited a correlation only in intact dogs (r = 0.52, p < 0.001). Conclusion: The present study is pioneering in applying a slice addition technique to volumetric measurements of the prostate gland in CT, resulting in a highly precise method. Volumetric measurements of the canine prostate gland in CT images provide information about the prostate structure, castration status, age and body size of the patients. Therefore, prostate volume is a relevant parameter for evaluating prostate health status.
Background
Prostatic diseases including benign prostatic hyperplasia (BPH), prostatitis, abscesses and cysts are common, especially in older dogs [1] . Symptoms associated with prostatic diseases are similar and non-specific [2] [3] [4] like fluid dripping, haematuria, strangury, staining to defaecate, pain on rectal or abdominal palpation and deficits of hind limbs [1, 3, 5] . As most disorders involve prostate enlargement, examining the size has become an important tool for evaluating prostate health status [6] . The prostatic dimensions have been evaluated in several studies in x-rays, ultrasound and computed tomography (CT) images [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The CT is recommended as a reliable tool for investigating prostate size and tissue as well as surrounding structures by several studies [16] [17] [18] . Choi et al. reported that prostate boundaries were more readily visible with CT than with ultrasonography [19] and Kuhnt et al. described that prostate lesions are more visible with CT than with ultrasound [16] . To minimise the effects of a patient's body size, the ratio between prostate dimensions and the length of the sixth lumbar vertebra was calculated for comparing results [16] [17] [18] [19] . Different studies recommended the prostate width and length as useful parameters to describe prostate size in CT [17, 19] . Other authors recommended prostate width and height instead [18] . Thus, there seems to be no uniform enlargement pattern of the canine prostate gland, which was also proven by Atalan et al. [11] . They showed that canine prostate enlargement was stronger in length and height than in width in ultrasound measurements. Therefore, measuring one single dimensional parameter might lead to misinterpretation of prostate size. For this reason, volumetric measurements, combining single dimensional parameters like height, length and width, might be more suitable for determining prostate size and an advantage in diagnosing prostate enlargement.
Schulze et al. measured prostate volume in CT with a formula of an ellipsoid body but accuracy was not verified [20] . However, previous studies investigated prostate volume by means of different formulas in ultrasound [9] [10] [11] [12] [13] [14] 21] (Table 1) , resulting in over-or underestimation of the actual prostate volume measured by water displacement [13, 14] .
Lee et al. and Choi et al. used a volume-rendering software tool to measure the prostate volume in CT data. The actual prostate volume was unknown in these studies [17, 19] .
The slice addition technique is recommended for measuring the volume of different organs like canine kidney, liver and spleen [22] . Nonetheless, verification regarding accuracy in measurements of the canine prostate gland is missing. Thus, further studies are needed to investigate the accuracy and diagnostic benefit of CT-based prostate volumetric measurements, especially for different ages, breeds and dogs with prostatic disorders.
The aim of the present study is to measure the canine prostate volume using a slice addition technique. The accuracy of this technique shall be verified by the usage of phantoms with known volume as well as by volumetric measurements of canine prostates ex vivo. Furthermore, the volume of the prostate gland in dogs shall be analysed with the validated technique regarding differences due to age, body size and prostate structure. In past literature, the length of the sixth lumbar vertebra was used to relate prostate dimensions to the body size of the examined dogs [16] [17] [18] [19] , but correlation of prostate size with the length of the sixth lumbar vertebra was not checked. Therefore, the final aim of this study is to investigate whether and to which extent prostate volumes correlate with the length of the sixth lumbar vertebra.
Methods

Patients
In this retrospective study, CT data sets of dogs that were presented to the Small Animal Clinic, University of Veterinary Medicine Hannover, Foundation between October 2007 and August 2017 were reviewed. The following criteria were established for patients to be included in this study: male intact dogs aged eight months or older were included if abdominal CT examination data sets with and without contrast agent and no imaging artifacts such as high density streaks caused by 
CT image analysis and volumetric measurements
Morphological analysis of the prostates was carried out with an image-processing workstation (Extended Brilliance Workspace, Philips Medical Systems, Ohio, USA). Each prostate was analysed by the same observer (first author) to avoid inter-observer variability. The prostates of male intact and neutered dogs were assigned to one of three groups depending on the morphological appearance of the prostate in CT imaging: prostates with homogenous tissue structure (H), prostates with inhomogeneous tissue structure (I) and prostates with cystic tissue structure (C; diameter of cysts ≥1.2 mm) ( Fig. 1 ) [16] . Additionally, the patients were categorised into three groups depending on their age: younger than four years (group 1), four-eight years (group 2) and older than eight years (group 3) [16] .
The allocation to age groups and structure groups are shown in Table 2 .
The prostate volume was determined by a specific software (Amira 6.2; FEI, part of Thermo Fisher Scientific, Hillsboro, Oregon, USA). In order to determine the prostate volume by means of Amira, it was necessary to segment the gland from the surrounding tissue. Due to low contrast between the prostate and surrounding structures, no automatic segmentation was feasible and manual segmentation was performed in scans with contrast agent. Therefore, the prostate gland was encircled manually with the mouse curser tool in transversal image view within all slices. The urethra (Fig. 2, arrow) was not excluded from the measurements. To compute the total prostate volume, the number of voxels within The length of the sixth lumbar vertebra was measured in sagittal view. Therefore, a horizontal line was drawn towards the middle of the corpus vertebralis parallel to the vertebral canal. To relate prostate volume to body size, the ratio between the cubic root of the volume to the length of the sixth lumbar vertebra was determined. Hereafter, this ratio is referred to as "ratio volume" (Rv).
Phantom and cadaver measurements
To evaluate the accuracy of the CT-based volume measurement method, two different types of phantoms with known water-filled or water displacement volume were scanned (Additional file 2). The first type of phantoms consisted of differently shaped balloons filled with a known volume of water (50.0 mL, 10.0 mL, 7.0 mL) and non-ionic iodinated contrast medium (1.0 mL, 0.5 mL, 0.4 mL Xenetix® 300) positioned in a water-filled bucket. The balloons were allowed to touch the surface of the water. An abdominal CT-scan was performed and the obtained CT recordings were analysed by encircling the area of the phantom and the sum of slices with Amira software (Fig. 3) .
The second group consisted of three spheres (thermoset  polyvinyl chloride water. The volume was directly read off the measuring scale (5 cm 3 steps), subtracting 100 cm 3 . The phantoms were scanned in a water-filled bucket (100 mL) and CT scans were analysed with Amira as described above.
Furthermore, five (four intact, one neutered) canine cadavers (5.1-35.2 kg, one-15 years) which had been euthanised due to other diseases at Small Animal Clinic, University of Veterinary Medicine Hannover, Foundation, underwent CT examination without applying contrast medium (Additional file 2). The dog owners' consent had been previously obtained. After scanning, a necropsy was carried out; the prostate was removed and surrounding tissue was separated from the prostate gland. The prostate volume was determined by water displacement, positioning the prostate in a 250 cm 3 measuring cup filled with 100 cm 3 water. The volume was directly read off the measuring scale (5 cm 3 steps), subtracting 100 cm 3 . Measurements were repeated twice and the mean value (+/− standard deviation) was determined.
Statistical analysis
Statistical analysis was carried out with SAS® Enterprise Guide® 7.1 (Statistical Analysis Software, Heidelberg, Germany). Normal distribution was analysed with the Kolmogorov-Smirnov test or Shapiro-Wilk test. Differences of the mean values between the groups were tested with the Ryan-Einot-Gabriel-Welsch multiple range-test. P-values less than 0.05 were assumed to be statistically significant. Depending on normal distribution correlations between the age of the dog or length of the sixth lumbar vertebra, the respective prostate volumes were tested by the Pearson or Spearman correlation test. As Rv showed right skewed distribution, those values were logarithmised and further statistical analysis was performed (LogRv). Differences in volume of the prostates in regard to castration or prostate structure were examined with a two-way analysis of variance and post-hoc Tukey test. The evaluation of accuracy of the assessment method was performed by Bland-Altman plots with GraphPad Prism (Graphpad Software, Version 7, San Diego, USA 2003) and linear regression analysis by SAS. 
H homogeneous, I inhomogeneous, C cystic Fig. 2 Assessment of canine prostate volume with Amira using the slice addition technique. Image a For volume analysis, the prostate gland was marked (purple) and can be located ventral of the rectum (R) as a bilobed structure. The urethra is included in the encircled area (arrow). Image b shows a 3-D reconstruction of the segmented prostate using Amira software
Results
Phantom and cadaver measurements
Comparing volumetric measurements in CT images with actual volumes measured by water displacement or phantoms with known volumes, the results showed a low bias (bias = 0.48 (+/− 2.90)) (Fig. 6 ). The ANOVA showed no significant differences in average volumes between the CT assessment method and actual volume (p = 0.766). Furthermore, linear regression exhibited a significant relation (p < 0.001, R-Square = 0.98) between volumetric measurements and actual prostate values (Fig. 7) .
Volumetric measurements
The mean volume of the prostate gland was 58.6 cm 3 (ranging from 0.6 to 1600.5 cm 3 ). The mean ratio volume measured was 1.1 (ranging from 0.3 to 3.4). The ratio volume was statistically significantly affected by status of castration and prostate structure. The mean ratio volume was 1.3 in intact male dogs and 0.7 in neutered dogs. The prostate ratio volume of intact male dogs was significantly higher than that of neutered dogs (p < 0.001) (Fig. 8) .
Homogeneous prostates showed the lowest mean ratio volume in intact (Rv = 0.9) and castrated dogs (Rv = 0.6), followed by inhomogeneous prostates (intact: Rv = 1.1 and neutered: Rv = 0.7, respectively). Canine prostates with cystic structures exhibited the highest mean volume values in intact and neutered dogs (i: Rv = 1.4 and n: Rv = 0.8, respectively). In intact dogs, differences in volume were significant between structure H and C (p = 0.001) as well as between structure I and C (p = 0.020). No statistically significant differences in volume were found between the structures H and I. In neutered dogs, the volume of prostates grouped as structure H and I as well as structure H and C differed statistically significantly (p = 0.015 and p = 0.015, respectively). No significant difference in prostate volume was found between structure I and C (Fig. 9) .
Volume regarding patient's age and body size (length of sixth lumbar vertebra) There were significant differences in volume between age groups in intact male dogs (F = 9.35; p < 0.001), but no significances were found in castrated male dogs (Table 3 ). Significant differences in volume were found between age groups 1 and 2 as well as between age groups 1 and 3 in intact male dogs (Table 3) .
The Pearson correlation showed a significant positive correlation between the ratio volume and age in intact male dogs (r = 0.52, p < 0.001), but not in neutered dogs (p = 0.407) ( Table 4) . Furthermore, there was a significant positive correlation between prostate volume and length of the sixth lumbar vertebra for both, intact (r = 0.63, p < 0.001) and castrated dogs (r = 0.48, p = 0.003). The correlation was higher in intact male dogs (Table 4) .
Discussion
Validation of accuracy of the slice addition technique
The CT is recommended as a beneficial tool for investigating the prostate gland of dogs [16, 19] . However, literature on volumetric measurements in CT is rare and validation of the used method is often missing. Fig. 3 Phantom measurements. Image a shows differently shaped balloons filled with a known volume of water and contrast agent. For scanning, phantoms were positioned in a water-filled bucket. Image b shows reconstruction of segmented phantoms using Amira software Fig. 4 Three different shaped spheres. Regular, irregular and one with "a paraprostatic cyst" (from left to right) Therefore, the primary objective in the present study was to validate the slice addition technique of Amira to measure prostate and phantom volumes. The comparison of these measurements with the actual volumes of the phantoms and cadaver prostates showed an excellent agreement.
These results are in accordance with the results of Moss et al. who used a slice addition technique in CT to measure the volume of the canine spleen, liver and kidney [22] . Thereby, accuracy was determined after euthanasia of the dogs and measuring actual organ volume by water displacement, comparable to the present study. They came to the conclusion that this procedure was accurate to +/− 5% of the organ volume measured by water displacement, but analysis of the prostate gland was missing [22] . In the present study, an even smaller divergency of +/− 0.8% was observed.
Other techniques like a volume rendering software tool to measure prostate volume in CT used in the studies of Lee et al. and Choi et al. are promising but the accuracy of this technique was not validated [17, 19] .
Schulze et al. measured prostate volume in CT with a formula of an ellipsoid [20] although it is known that calculations with this kind of formula result in an overor underestimation of the prostate volume [13, 14] . In addition, accuracy was not verified [22] . To the best of our knowledge, the present study is pioneering in comparing actual volume of the canine prostate gland with volumetric measurements in computed tomography.
Prostate volume analysis
The mean prostate volume of all dogs evaluated in this study was 58.6 cm 3 . This value is higher in comparison to other studies (Table 5) . In most studies, the examined dogs were young, healthy and the number of breeds was limited [10, 12, 19, 20, 23] , while in the present study, the castration status, health status, breed, age and the size of the dogs differed. Schulze [10, 12, 20] . Prostate health status might be the reason for the differences in prostate volumes in these studies and the higher volume in the present study. Altered prostates showed significantly higher volume values compared to prostates with homogenous morphology in the present study. Since about 73% of the examined prostates showed morphological changes in CT examination in the present study, volumes of healthy prostates must be considered smaller. Research carried out by Choi et al. and Lowseth et al. focussed on eight and 15 healthy beagle dogs, respectively [19, 23] . The small breed and the prostate health status of these dogs led to a lower prostate volume compared to the present study. Another reason for the lower volume values of Schulze et al. [20] , Ruel et al. [12] , Atalan et al. [10] and Nair et al. [15] might be the determination of the volume using different formulas which over-or underestimate the actual prostate volume. Lower volumes can result from measurements of length, width and height that do not include a focal cyst which can be as large as the prostate itself [5] . Calculating a volume using these measurements can lead to an underestimation of the prostate volume. 
Volume and status of castration
Analysis of prostate volume in castrated dogs is missing in past literature [16] . In the present study, castrated dogs showed significantly smaller prostate volumes compared to intact dogs. This finding corresponds to literature that found canine prostate atrophy as a result of androgen deprivation due to castration [24] . As BPH development was found to be androgen-dependent [25] , there is less basis for development of prostatic disease in neutered dogs [6, 26] . Just one study investigated the prostate of intact and neutered dogs in diagnostic imaging. Cadavers were evaluated ultrasonographically [9] . However, volume measurement was performed in only two castrated dogs and a statistical analysis could not be carried out. In the present study, a group of 37 castrated dogs could be investigated in addition to intact male dogs. 
Volume in differently structured prostates
In addition to the status of castration, it could be shown that prostate structure has distinct effects on the prostate volume. All in all, volume increased from homogeneous to inhomogeneous to cystic-structured prostates. In intact dogs, homogeneous and inhomogeneous prostates showed statistically analogue volume values and differed significantly from cystic prostates. Similar results were observed in a study by Kuhnt et al. that compared measurements of length, height and width with the organ' s texture [16] . The ratio of the length of cystic-structured prostates differed significantly from structures H and I, while the height was just different between groups H and C and width showed no significant differences. Since both studies used almost similar patient data, the measurements can be compared directly with each other. The volumetric measurements in the present study did show significant differences in volume according to the alteration in prostate structure. These results were comparable with the measurements of length in CT in the study by Kuhnt et al., while the measurements of width and height could not provide the same information [16] . Consequently, volumetric measurements were able to provide more information about differences due to varying prostate alterations. Significant differences in volume are missing between structures H and I in intact dogs. In other studies, inhomogeneous alterations of the canine prostate were found to be associated with BPH and prostatitis [2, 18] . Thus, missing differences may be a result of early stage BPH, in which parenchymal alterations are visible in CT, while the overall size of the organ is not yet increased.
Despite a lack of hormonal influence, there were some discrepancies in volumes of castrated dogs between the structure groups in this study. Prostatic volume values of groups I and C were statistically analogue in castrated dogs and differed significantly from group H. Accordingly, suspicious prostates could be easily distinguished from normal prostate glands by volumetric measurements. As there was no significant difference in volume between groups I and C, volumetric measurements seem to be unsuitable for differentiating between these pathological alterations of the prostatic gland in neutered dogs. This is in contrast to intact male dogs, where it is possible to differentiate prostatic alterations. Thus, alterations of the gland in neutered dogs appear rather mild compared to intact dogs. Prostate volume in relation to body size and age
Prostate volume was well correlated with age as well as body size. The length of the sixth lumbar vertebra has been used to predict body size in literature before [16, 17, 19] . However, to the best of our knowledge, the relationship of the sixth lumbar vertebra length to the prostate volume has not been previously proven.
In the present study, we could establish a coherence of length of the sixth lumbar vertebra to the prostate volume. With increasing body size, the prostate volume increased in both, male intact and castrated dogs. Nonetheless, the correlation was higher within intact dogs. Choi et al. used the length of the sixth lumbar vertebra to predict limits of the normal range of prostate length, height and width in CT. However, the prostate volume was not analysed in relation to the sixth lumbar vertebra [19] . Studies by Atalan et al. used the bodyweight [9, 10] and Ruel et al. used the body height, weight, length of left kidney and aortic diameter to predict body size [12] . All these parameters were significantly correlated with prostate volume measured in ultrasound. No previous study investigated the relationship of body size and prostate volume in neutered dogs. In our study, a positive correlation could be discovered for neutered dogs. Castration and following prostatic atrophy might be responsible for the lower correlation in castrated dogs compared to intact dogs. There was also a good positive correlation between age and prostate volume in male intact dogs, while no significant relation was found in neutered dogs. These findings are in agreement with other studies [10, 12, 15, 20] . Atalan et al. showed a significant correlation between age and prostate volume calculated by ultrasound measurements (correlation coefficient = 0.581) [10] . In a study by Ruel et al., prostates of 100 healthy intact male dogs were analysed ultrasonographically and the volume was determined by a formula [12] . There was a weak but significant correlation between age and volume (correlation coefficient = 0.27). Furthermore, there was also a positive correlation for the prostate length and width with age, but no correlation was found between age and height. This shows that volumetric measurements are more suitable for comparison to single parameter measurements to describe prostate dimensions and might represent a beneficial alternative for evaluating prostate size in future. However, no data were published for neutered dogs. In our study, castrated dogs showed no correlation between prostate volume and age. We consider the status of castration as a reason for the absence of correlation in these dogs.
Limitations
The present study focused on volumetric measurements of the prostate gland in CT images. Consequently, the confirmation of prostatic disorders by cytology or histology was neglected. Concerning neutered dogs, the time between castration and CT-evaluation might have an effect on findings of prostate morphology and volume but was unknown in this study. Since the reviewer who measured volume by Amira allocated patients to different groups, the reviewer was not blind to the patient's age, body size, castration status and prostate architecture during volume analysis. Thus, this could be a possible source of bias in the volume analysis. As only one radiologist read the CT images to avoid inter-observer variability, this limits the assessment of practicality of this procedure in clinical routine. Correlation between prostatic volume and length of 6th lumbar vertebra and between ratio volume and age for intact and castrated dogs r correlation coefficient 
